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Abstract 
Threshold temperatures, growth rates and physiological development times 
were calculated for the egg, larval and pupal stages of the groundnut  leaf- 
miner, Apro~zc~rev~a modicrlla (Dcvcnter), a key pest of groundnut  (Araclfis 
i l y p u g a ~ ~ ~ )  and soyabean (Glyciur] nlax) in India. The life cycle of Apronerema 
~~orlicclln required 660 degree-days (DD) above threshold temperatures 
(1 2.4"C for eggs, 11.3" for larvae and 14.7" for pupae). A function fitted to  the 
adul t  longevity and  fecundity data describes the effect of temperature and  
female age on fecundity. Egg production was  greatest a t  30°C and declined at  
lower and higher temperatures. Head capsule width rncasurements indicated 
that five larval instars a re  typical in India. The results obtained are  discussed 
in the context of earlier work. 
Introduction 
The groundnut leaf miner, Aproneren~~ nrodicella 
(Deventer) (Lepidoptera: Gelechiidae), is a key pest of 
groundnut (Aradlis hypogn~n)  and soyabeans (Glyr,incs 
tnax) throughout Asia (Wightman & Amin, 1988; 
Shanower r,t a/., 1993). Aj~roa~rcw~n rnodicella was first 
recorded as a pest of groundnut more than 80 years ago 
(Maxwell-Lefroy & Howlett, 1909), but many aspects of 
its biology remain poorly understood. Reported devel- 
opment times for A. rnodic~lla immature stages and adult 
longevity differ as much as two-fold (Gujrati ct a/., 1973; 
Kapadia et a/., 1982). Published values for fecundity are 
equally disparate (Cherian & Basheer, 1942; Gujrati ~t al., 
1973; Kapadia et a/., 1982). The effect of temperature on 
development and fecundity has not been investigated, 
and may offer an explanation for the conflicting results 
of these earlier studies. 
Reports in the literature also vary widely concerning 
the number of larval instars for A, rncrdicella. Kapadia r t  
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ill. (1982) rcported three, Gujrati 'f a / .  (1973) and 
Phisitkul (1985) described four, other authors recorded 
five (Amin, 1987) and Islam et a / .  (1983) six larval instars 
for A. modicelln. 
To develop an effective pest management pro- 
gramme for A, n~odict~llo, its basic biology must be well 
understood. The experiments described in this paper 
were designed to relate development rates, fecundity 
and longevity to temperature. The number of larval 
instars was also determined to resolve the inconsisten- 
cies found in the literature. 
Materials and methods 
All experiments were carried out at the International 
Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT), located near Hyderabad (18"N), Andhra 
Pradesh, peninsular India. 
Rearing methods 
Experimental insects were taken from laboratory 
colonies maintained under greenhouse conditions. 
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Aproaerema modicella larvae were reared and tested on 
the groundnut variety Kadiri 3 (ICG 799). The colony 
was maintained by collecting newly emerged moths and 
introducing them into cages with fresh groundnut 
plants. Larvae completed development on the same 
plant on which the eggs had been laid. Cotton wool 
soaked in sucrose solution ( ~ 1 0 % )  was provided for the 
adults. 
Batches of insects were reared at 15, 20, 25, 30 and 
35"C, respectively, in Percival temperature cabinets pro- 
grammed for L:D 12:12 and relative humidity in the 
range of 6245%. These data were used to estimate tem- 
perature dependent growth and fecundity rates. 
Developmental time 
Leaflets with a single newly laid egg were placed on 
moistened filter paper in 120 x 10 mm plastic petri dish- 
es, and reared in temperature controlled incubators. 
Batches of 80 eggs held under the above conditions were 
used to calculate the egg development rate. 
To determine larval and pupal development times, 
batches of eggs were held at ambient temperature until 
they hatched, and then larvae were put into incubators. 
The number of larvae completing development was not 
the same at all temperatures; ant predation at 25" 
reduced the initial number of larvae from 80 to 35. Daily 
observations were made to record egg incubation, larval 
survival, pupation and adult emergence times. 
To ensure that the use of excised groundnut leaflets 
would not bias development times, a batch of larvae 
was reared on whole plants. The plants (Kadiri 3 vari- 
ety) were grown in the laboratory under a fluctuating 
temperature regime. Temperatures ranged from 22 to 
28°C and daily mean temperatures were between 23.5 
and 27°C. 
Linear regression was used to calculate development 
thresholds for each immature stage (Gilbert ct al., 1976). 
The degree-days (DD) required by each stage and the 
fraction of time spent in each stage, are based on these 
thresholds. 
Fecundity 
For fecundity and adult longevity studies, pairs of 
pupae (male and female) were put into 10 ml plastic 
screw-top vials containing sucrose-soaked cotton wool 
as food for emerging adults. The opening of each vial 
was closed with cheese cloth secured by a rubber band. 
A fresh groundnut leaflet was provided for oviposition. 
Leaflets were replaced daily and the number of eggs 
counted. Only moth pairs producing a minimum of one 
egg were used to calculate the mean egg 
nroduction/female. IZunae and adults were held at the 
same temperatures as the eggs and larvae. Forty-three 
pairs of adults were tested at 15°C and 81 pairs at 20,25, 
30 & 35°C. 
The number of larval instars was determined from 
head capsule widths of several hundred larvae. 
Groundnut leaflets containing one-day-old eggs were 
taken from the colony and held at room temperature on 
moistened filter paper in petri dishes. The head capsule 
widths and body lengths of 10 randomly selected larvae 
were measured daily during the larval period. 
Statistical arlalysis 
Analysis of variance (ANOVA) was used to test diff- 
erences in egg, larval and pupal survivorship and fecun- 
dity across temperatures (Zar, 1974). Regression analysis 
was used to estimate growth and development rates for 
immature stages, and to estimate development thresh- 
olds (Gilbert eta/ . ,  1976). The formula of Bieri f t  nl. (1983) 
was generalized and used to describe daily egg produc- 
tion as a function of temperature and female age. This 
Table 1 Durat~on of each hte stage a t  five temperatures, degree-day requirements and develop- 
ment threshold for Aproa~ret t ia tnodlcdln 
Days (mean k SE)' 
Temperature 
("C) Egg Larva Pupa Adult 
25 4.19 i 0.19 6.54 f 2.89 7.50 It 2.45 12.78 i 5.09 
(79) (35) (34) (143) 
30 2.97 f 0.29 14.66 i 2.63 3.85 f 1.47 10.62 i 5.48 
(78) (62) (54) (129) 
35 2.79 f 0.21 12.33 i 1.87 3.89 f 1.69 5.47 i 3.01 
(78) (9) (9) (131) 
Threshold 12.4"C 11.3"C 14.7"C 3.0°C 
Mean developmental 
period (degree-days) 60.1 327.1 72.3 202.4 
'Numbers in parentheses refer to number (n) of experimental insects 
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function was fitted to the oviposition data using multi- 
ple regression. 
Results 
Total immature (egg to adult) development times 
(y) ranged from 18.9-58.1 days depending on tempera- 
ture (x) (table 1). The threshold temperature for egg 
development, based on the regression line 
y = -0.2147 + 0.01 73x (r2= 0.954; n = 376) was 12.4"C (fig, 
1). Eggs required an average of 60 DD to complete 
development, and approximately 13%' of the total 
development time was spent in the egg stage. Nearly 
all eggs hatched at 20, 25, 30 and 35"C, respectively. 
The proportion which successfully hatched at 15°C was 
significantly lower (0.79) than at the other temperatures 
(ANOVA; F.,,,=7.23; p<0.001; n=40). 
Larval development ranged from 34 days at 20°C to 
12.4 days at 35°C (table 1). No larvae survived at 15°C. 
Despite this, the estimated developmental threshold for 
larvae was 11.3"C based on the linear equation 
y=-0.0429 + 0.0038~ ir2= 0.892; n=173) fitted to data from 
the survivors (fig. 1). Larval development averaged 327 
DD or 71% of the total developmental period (table 1). 
Temperature had a significant effect on larval survivor- 
ship (ANOVA; F,,=l6.15; P<0.003; n=16). Mortality of 
early instar larvae was high at all temperatures and 
100% at 15°C. 
Pupal development times ranged from 3.9 days at 
30°C to 15.1 days at 20°C (table 1). The threshold tem- 
perature for pupal development, calculated from the lin- 
ear regressioli equation y = -0.3267 t 0.0198~ (?= 0.808; 
n=161), was 14.7"C (fig. 1). Pupae averaged 72 DD to 
complete development, equivalent to 16% of the devel- 
opmental period (table 1). Pupal survivorship was unaff- 
ected by temperature (ANOVA; F,,,=1.72; k0 .26 ;  n=16) 
being uniformly high (87-100%) at all temperatures. 
The larvae reared on whole groundnut plants under 
a fluctuating temperature regime completed the larval 
and pupal stages in an average of 23.6 days (range 
20-27; n=33). Because of the larval habit of webbing 
leaflets together it was not possible to determine precise- 
ly the date of pupation. The values for combined larval 
and pupal development fell well within the range 
recorded from excised leaflets (table 1). 
Adult longevity ranged from 17.7 days at 15°C to 5.5 
days at 35°C (table 1) with a threshold of 3.0°C, based on 
the regression equation y= -0.0195 t 0.0066~ (1-'=0.275; 
n=60h) (fig. 1). Adult longevity averaged 202 DD or 
about 45% of developmental time. The thermal summa- 
tion, based on the calculated thresholds of each stadium, 
was 660 DD. 
At 15°C only 15 of the original 43 pairs produced 
eggs, while 69 of the original 81 p a r s  produced eggs at 
25°C (table 2). The average number of eggs/female was 
at least 30% higher at 30°C than at other temperatures. A 
Table 2 Fccundtty of Aprotijc.rtmu rnod~~t ' l ln at five temperatures 
Tcmprraturc. Eggs per female 
n' Kange Mean2 ( ir SE) 
15 15 (1-88) 37.8~ (f 6.91) 
'Females producing at least one egg, !values with~n a column 
followed by the same letter are not sign~ficantly different 
(PS0.05) Duncan's Multiple Kange Test 
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Fig. 2. Aproac2rrmn ~rlodrcrlla mt,an daily per-c'lpit,~ egg production ' ~ t  fives temperatures 
function describing the effect of temperature and female 
age on fecundity is summarized below. 
The shape of the age-specific patterns for daily egg 
production is similar across temperatures (fig. 2). 
Because adult females feed only on soluble carbo- 
hydrates, egg production is supported by the fat body 
accumulated during larval feeding, though energy from 
carbohydrate ingestion may also be involved. The patt- 
em of oviposition at one temperature (r)  may be 
described by equation (1) (Bieri rt nl. ,  1983): 
R is the oviposition rate/DD at female age (O<a < 1501, 
R(a)' is the age specific rate/day (Aa), and a and are 
fitted constants. The function can be linearized to obtain: 
logR = loga + loga -a logP (2) 
The coefficients may be estimated by multiple regression 
yielding the following equation: 
logR = C,,+ b,x,-x, IogP (3) 
with variable x,=log a and x:=a. Note that the additional 
coefficient b, results, modifying equatlon (1): 
The cc)cfficients and regression statistics of the multi- 
ple regression analysis dt the five temperatures are given 
in table 3. The two best fits were at 25 and 30°C. 
Combining the data from 25 and 30nC, and assuming a 
mean of 27.5"C, gave a very close fit (r7=0.90). Analysis 
of variance on this regression was highly significant 
(ANOVA; F,,,,=lhI .92, P<O.UOl, n=40), indicating that the 
niodel gives a satisfactory description of the data. 
However, the equation needs to fit across all tempera- 
tures. Gutierrez & Raumgaertner (1984) showed that the 
observed patterns of fecundity across all temperatures 
could be modelled using a ratio of resources acquisition. 
In this particular case resource acquisition refers to the 
conversion of the adult fat body tissue into eggs. The 
ratio utilized is of resource acquisition at temperature (r)  
to resource acquisition at the optimum temperature (r,,,,) 
h e .  equation 4): 
Table 3. Results of multiple regression analyses on thc effect of age of 
Aproneremo mod1c~4la females on fecundity at five temperatures. 
Temperture ("C) n c' x ,  X : r' 
15 26 4.335 -0.40.5 4.023 0.51 
20 27 -0.260 -0.244 1.447 0.69 
25 22 -0.052 -0.499 2.781 0.92 
30 18 0.851 -0.592 2.882 0 94 
35 7 3.229 -2.447 5.648 0.86 
Combined 
2 5 ~ 3 0 '  39 0.432 -0.519 2.704 0.90 
'Data from both 25" and 30°C combined into a single data stat using an assumed 
mean of 27.S°C. 
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The shape of this function is depicted in figure 3 
and has a value between O and I .  At less than 59°C 
the supply is insufficient to produce eggs, but at r,,,., 
nearly all demands will be met and egg production 
maximized. 
Combining equations (4 )  and (5) into one expression 
(6) gives the per capita egg production rate for individu- 
als of age 'a' under the conditions S,,, experienced at 
time 't'. 
R,,,= S,,,C,,at"lp (6) 
Thougl~ Q,,, and consumption rate MS,,,,,,(t) in (5) may 
not be known, Gutierrez & Baumgaertner (1984) have 
shown that R, is a good indicator of the adult assimila- 
tion rate. The data suggest that maximum assimilation 
occurred near 27°C (see above). Hence, S,,, may be 
approximated by function (7) describing a concave func- 
tion between 5.9 and 27.5"C and a monotonically 
decreasing function between 27.5 and 40'C. At tempcra- 
ture (r), S,,, is described as follows: 
1-10 A ' ,  5'"  for 5.9" 1 t 527.5"C 
S(t)= 
10 A 1 2 - 5 T l  (7) for 27.5" 4 t 540°C 
where h=0.17647 is a fitted constant. 
This expression describes the effect of temperature 
a n d  age  of the adu l t  female o n  per  capita egg 
production. 
The relationship between larval body length and 
head capsule width indicated that five instars were typi- 
cal for A. modicella at ICRISAT (table 4). The data cluster 
into five relatively distinct groups. The first three clus- 
ters showed minimal variation in head capsule widths 
and were easily differentiated. The body length/head 
capsule width relationship was more variable in the 
fourth and fifth instars. Head capsule widths ranged 
from 0.12 to 0.68 mm and body lengths from 0.56 to 6.4 
Table 4 Head capsule widths (mm), head capsule w~dth ratlos, 
and body length (mm) of lab-reared Aproat,rema modrcella larvae 
- 
Instar Head capsule w~dth Body length 
rangta 
N Kange Mean+% Ratlo 
First 40 0.12 0.12 0.48-1.24 
Second 26 0.2 0.20 1.67 0.88-2.08 
Third 22 0.244.28 0.277+0.0~103 1.39 1.40-2.96 
Fourth 35 0.36-0.48 0.395-0.0425 1.43 2.28-4.88 
Fitth 35 0.524.68 0.578+_0.0349 1.46 3.767.16 
mm. The correlation between head capsule width 
and body length was strong (r=O.Y6). The regression of 
body length on head capsule width is described by 
y = -0.432 + 9.977~ (n=158). 
Discussion 
Studies of temperature effects on poikilothermic 
organisms are common in the literature (e.g. 
Andrewartha & Birch, 1954; Gilbert rt nl., 1976; Wagner et 
ol., 1984). Such studies assume that there is a continuous 
relationship between developmental time, longevity, and 
fecundity, across temperatures (Hughes, 1963; Gilbert t7t 
nl., 1976; Curry & Feldman, 1987). The linear or degree- 
day method used in this study is the most common 
method for calculating development rates because data 
are seldom available across the full range of temperatures 
(Stinner c,t al., 1974; Gilbertetol., 1976; Wagner rt a!., 1984). 
Shade temperatures in peninsular India range from 9 
to 42"C, though cropping season air temperatures are 
more moderate and range from 18 to 32OC (ICRISAT, 
1988). At low temperaturrs A. rnodict.llo completed its life 
cycle in 80 days while at higher temperatures only 23 
days were required. A physiological time scale (DD 
above a threshold temperature) accounts for differences 
in development rate due to temperature. When develop- 
ment in physiological time was compared across tem- 
peratures, the differences were not large. The total A. 
r?rodict*lla life cycle required 660 DD with only a 60 DD 
difference between the longest and shortest develop- 
ment times. 
Earlier reports gave the following developmental 
times for eggs, lam-ac and pupae; 3,'9.3, and' 5 days 
(Gujrati st al., 1973) and 7.5, 18.5, and 9.9 days (Kapadia 
tTt rrl., 1982). Temperatures in these studies were not con- 
trolled so from these earlier data it is impossible to cal- 
culate temperature dependent development rates. Data 
from these earlier studies fall within the range reported 
here (table 1) and it is likely that the discrepancies in 
reported development times were due to temperature 
variations. Valley & Wheeler (1976) reported similar 
developmental times for a related species, Stomopteyx 
pulpili!lerlln (Chambers). 
Temperature influenced survival in immature 
stages, of A,  modicella, especially the larval stage. 
Hatching was lowest at 15°C. Larval mortality was high 
at all temperatures and 100Y0 at lS°C. The low rate of 
hatching and high larval mortality indicated the sensi- 
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